The effect of DNA methylation on the transcriptional activity of the hamster adenine phosphoribosyltransferase (aprt) and the herpes thymidine kinase (tk) genes has been investigated. By using M13 constructs containing these gene sequences, specific segments of each gene were methylated in vitro by restriction fragment primer-directed second-strand synthesis using the substrate 2'-deoxy-5-methylcytidine triphosphate (dmCTP). These hybrid-methylated molecules were inserted into mouse Ltk-cells by DNA-mediated cotransfer. In all cases, the integrated sequences retained the in vitro-directed methylation pattern. The aprt gene was inhibited by CpG methylation in the 5' region but was unaffected by methylation at the 3' end or in adjacent M13 sequences. In contrast to this, DNA methylation in both the 5' promoter region and the 3' structural region of the tk gene had a strong inhibitory effect. This suggests that this modification may affect transcription by mechanisms that do not involve the direct alteration of recognition sequences for RNA polymerase. 
Several lines of evidence suggest that DNA methylation may play a role in gene regulation in eukaryotes. Studies of numerous tissue-specific genes using methyl-specific restriction enzymes have shown a clear correlation between the methylation level of active and inactive genes (1) . Thus, most genes are undermethylated in the tissues in which they are expressed, while they are heavily methylated in nonexpressing tissues and in the germ line. Furthermore, in vitro DNA methylation of a few specific gene sequences inhibited the activity of these genes when inserted into animal cells in vivo (2) (3) (4) (5) (6) . These data suggest that changes in the methylation pattern during differentiation may modulate gene activity, but they do not provide any information on the mechanism of action of DNA methylation. Both the hamster adenine phosphoribosyltransferase (aprt) gene and the herpes thymidine kinase (tk) gene have been shown to be inhibited by DNA methylation after their insertion into cells in culture by DNA-mediated gene transfer (2, 7, 8) . In this paper, we probe the mechanism of this process by asking which regions of the gene domain are influenced by DNA modification. To this end, we have prepared hybrid molecules, methylated either at the 5' or 3' end of the gene, and have assayed their transcriptional activity. The results indicate that methylation of the 5' end of these genes is sufficient to inhibit transcription. The structural nonregulatory portion of the tk gene is also strongly influenced by DNA modification.
MATERIALS AND METHODS
M13 Constructs and Synthesis. The M13 clones containing the 2.0-kilobase (kb) Pvu II herpes tk fragment (9) were obtained from S. McKnight and those containing the 3.8-kb BamHI hamster aprt fragment (10) were made by D. Littman and kindly provided by him for these experiments. Singlestranded DNA was prepared (11) from these recombinant phages by polyethylene glycol precipitation followed by standard DNA extraction techniques. The plasmid pTM (12) , containing the bacterial agpt gene with the tk promoter region, was obtained from R. Flavell and was prepared by the method of Clewell (13) .
Second-strand synthesis of single-stranded M13 molecules was performed under conditions described (14) for 1 hr at 15°C using a DNA concentration of 2-3 ,g per 100 ,ul and a polymerase concentration of 75 units/ml. The 15-mer universal M13 primer was obtained from New England Biolabs and was used at a level of 25 ng per pg of M13 DNA. Under these conditions, the synthesis reaction went to 90%-95% completion, as judged by gel electrophoresis analysis, but it did not produce strand displacement. These reactions were carried out using either dCTP or 2'-deoxy-5-methylcytidine triphosphate (dmCTP) (P-L Biochemicals) to obtain methylated molecules and their unmethylated controls. Restriction fragment primers were isolated from low-melting agarose gels and were hybridized to M13 DNA in 0.1 M NaCl at 60°C after denaturation for 3 min at 100°C in 1 mM EDTA. The primer was used at a 5-fold molar excess to get optimum use of the template. Double-stranded molecules were gel-purified before their introduction into L cells by DNA-mediated gene transfer. The synthesis reaction was sometimes performed using a small amount of radioactive nucleotides to test these molecules for strand displacement by specific restriction enzyme analysis (Fig. 1A) .
Analysis of Transfected Cells. DNA-mediated gene transfer into mouse Ltk-cells was performed as described (15) using 100-200 ng of the selective plasmid vector and 1-2 ,ug of cotransfected DNA construct per plate (15) (16) (17) . We obtained 100-200 colonies per plate, and these were pooled and grown to mass culture for DNA and RNA analysis. In some cases, these clones were grown in [3H]thymidine for several hours and then subjected to autoradiography (18) to determine the tk enzymatic activity of these cells. Positive colonies were those in which 509-60% of the cells were labeled. Quantitative differences in the amount of label per cell were also observed.
DNA was purified from mouse L cells (14) and subjected to Southern blot analysis (19) using gel-purified restriction fragment probes labeled by nick-translation (20) to a specific activity of 2-5 x 108 cpm/hg. RNA was isolated by guanidine thiocyanate extraction followed by ultracentrifugation through a CsCl cushion (21) . RNA dot blots were prepared by formaldehyde denaturation (22) and were hybridized to nick-translated probes. S1 nuclease analysis was done as described using a single-stranded tk probe prepared by secondstrand synthesis of an M13 construct containing a 230-basepair (bp).region of the 5' sequences (23 
RESULTS
To study the effect of DNA methylation on eukaryotic genes, we previously developed a convenient method for methylating all CpG residues in vitro (8, 14) . To this end, gene sequences are cloned into the single-stranded phage vector M13, and the complementary strand is synthesized in the presence of dmCTP. These molecules are thus hemimethylated at every cytosine residue. When these molecules are introduced into animal cells in culture by DNA-mediated gene transfer, the CpG-specific maintenance methylase perpetuates all of the CpG methylations, while cytosine modification at other sites is diluted out by growth over many generations. This system is also very convenient for preparing DNA molecules that are methylated in one region and unmethylated in other regions. To this end, restriction fragments are used as primers in the M13 second-strand synthesis reaction. After synthesis, the whole molecule will contain methylated cytosine except for the region corresponding to the primer. Using constructs of this nature, one can test the effect of DNA methylation on specific regions of a gene.
The 3.8-kb BamHI fragment containing the hamster aprt gene (10) was cloned into M13 mp7, and clones containing both orientations were isolated. Fully methylated molecules were obtained by using the 15-mer M13 primer, which is adjacent to the aprt gene insert. Molecules methylated only in the 5' region were synthesized using the 2.6-kb EcoRI/ BamHI fragment as primer. Specific (Fig. 1B) . Thus, assuming that the C-C-G-G sites are representative of all CpG residues, unmethylated regions remained unmethylated while methylated regions retained their methyl moieties in vivo. Biochemistry: Keshet et al.
To determine the effect of DNA methylation on gene expression, RNA was isolated from individual cultures and subjected to dot blot analysis using a purified aprt nicktranslated probe (Fig. 2) . Methylation of the entire aprt gene caused a 15-fold inhibition of aprt transcription. This same effect could be obtained by modification of the 5' region of the gene alone. In contrast to this, methylation of the 3' region had very little effect on expression. Constructs prepared using the entire BamHI fragment as primer and dmCTP in the synthesis reaction also showed normal gene activity, indicating that methylation of the M13 sequences 12 (5, 6) . To test whether this is a general phenomenon, the herpes simplex tk gene was subjected to the same analysis. Using M13 mp2 clones containing the 2.0-kb Pvu II tk fragment in both orientations (9) , hybrid rnethylated molecules were synthesized. The 5' end of the gene was represented by the 250-bp Pvu II/Bgl II fragment, while the 3' end was defined by the 1.8-kb BgI II/Pvu II fragment, which includes almost the entire coding sequence of the gene. These constructs were inserted into L cells by cotransfection, using as the selective marker the bacterial gene agpt, which provides resistance to the drug G-418. Mass cultures were grown from 100-200 transformed clones and were then tested for the amount and methylation status of the methylated molecules. All cultures contained approximately equal amounts of the tk gene sequence, and the methylation patterns of the integrated genes were tested with the methyl-sensitive restriction enzyme Hpa II. By this criterion, all of the C-C-G-G sites within the 2.0-kb region maintained the same methylation status as the input constructs (data not shown).
Transcription of the tk gene was studied by an S1 nuclease assay using a single-stranded highly labeled probe specific for the 5' end of the tk transcript (23) . This assay was essential because other assays were found to be less sensitive and because the assay must be specific enough to distinguish between real tk RNA and the tk sequences present at the 5' end of agpt transcripts (see legend to Fig. 3) . In this assay, the tk RNA reveals a protected fragment of 122 bp, while the agpt transcript yields a series of bands at -50 bp (Fig. 3) .
While the completely unmethylated constructs show a fairly high level of tk RNA synthesis, the totally methylated DNA showed no detectable RNA product (even when 75 jug of total RNA was used in the assay). This large difference was confirmed by an autoradiographic assay of tk activity in these cells. While all cells containing the unmethylated tk gene incorporated thymidine, those cells containing the methylated construct showed no measurable incorporation of thymidine as judged by autoradiography of fixed cells.
When hybrid methylated tk genes were tested for their ability to produce message, it was found that methylation at either the 5' or 3' end is sufficient to cause inhibition of tk transcription. For both constructs, the transcription of the tk gene was at least 1/20th to 1/50th that of control levels (Fig.  4) . Complete methylation of the adjacent M13 sequences, however, had no effect on the tk transcription activity (data not shown). It should be noted that the level of transcription of the agpt gene is equal in all samples, serving as a control for the quality and uniformity of the RNA. Cells containing these hybrid genes were capable of incorporating [3H]thymidine but at 1/3rd to 1/5th the level of that in cells harboring unmethylated genes.
DISCUSSION
The use of M13 containing various gene sequence inserts provides the technology for region-directed DNA modification. We have assayed the effect of such hybrid DNA methylation on both the tk and aprt genes in vivo by using DNAmediated gene transfer. All of the studies presented in this paper were performed on pools of transfected clones and represent the average effect of DNA methylation on many Our results show that the aprt gene is influenced by methylation at the 5', but not at the 3', end. This observation is consistent with results from other laboratories, which have shown, using transfection assays, that the human -y-globin gene (5) and the adenovirus Ela gene (6) are affected by DNA methylation in the same manner. This result is also in keeping with the in vivo status of the aprt gene in hamster cells, because in all tissues, including the germ line, this gene is highly methylated in the entire region 3' to the EcoRI site, while all of the sites 5' to EcoRI are completely unmethylated (24) . Although this methylation mapping was limited to a few representative restriction enzyme sites, it is reasonable to assume that other CpG residues in the 3' region are also highly methylated. Our results show that this gene can be transcribed at its full level even when every CpG 3' to the EcoRI site is methylated. This pattern of 5' undermethylation and 3' methylation is typical for all housekeeping genes so far analyzed and may be related to the fact that these genes are expressed constitutively in all tissues and do not undergo demethylation during development (1) .
Tissue-specific genes have been found to be highly methylated in germ line DNA and undermethylated in the tissue in which the gene is expressed, suggesting that the differentiation of the tissue is accompanied by demethylation of the gene. In some cases, this undermethylation probably occurs after the actual activation of the gene (25, 26) , and it has been suggested that transcription itself may be the factor causing demethylation (27, 28) . The results obtained on the methylated aprt gene argue against this possibility, because continued transcription of the gene was not accompanied by demethylation. In a more direct experiment, two constructs of the agpt gene containing or lacking the tk promoter were methylated in vitro with the Hpa II methylase and were inserted into L cells by DNA-mediated gene transfer. Although only the promoter-containing gene was transcribed and biologically active, both genes remained fully methylated after >150 generations in culture (unpublished observations). Thus, available data suggest that in these systems transcription per se is not a factor in causing demethylation.
Results obtained by methylating various regions of the tk gene clearly indicate that its activity can be affected by DNA modification of the structural part of the gene alone. It should be noted that herpes tk has a very high concentration of CpG residues over the entire gene, both the promoter and the structural regions (Fig. 4) . On the other hand, both the hamster aprt and the human -globin gene have a relatively high density of CpG moieties at their 5' end, but very few at the 3' end of the molecule. If the degree of inhibition of transcription is dependent on the amount of methylation, it is not CpG map Pvu II M13 The fact that methylation of the structural portion of the tk gene has a strong inhibitory effect on its transcription should shed light on the mechanism of action of this modification. The exact regions that are necessary for accurate transcription initiation of the tk gene have been thoroughly characterized and are concentrated in two hexanucleotide sequences located at sites 5' to the start of transcription (30). These elements are located 100-150 bp 5' to the Bgl II site. Thus, in hybrid methylated molecules in which the entire structural gene region, beginning with the Bgl II site, is methylated, the identified regulatory region for tk is completely unmodified. A similar conclusion can be drawn from previous experiments showing that in vitro Hpa II methylation inhibits both the activity and SV40 late transcription since there are no C-C-G-G sites located in the promoters of these genes (3, 7) .
One model to explain the inhibition of transcription caused by methylation is that this modification alters the recognition signals for RNA polymerase on the gene, thus acting as a potentially reversible mutation. The fact that methylation inhibits RNA transcription of the tk gene without altering these recognition sites argues that this modification may act by alternative mechanisms. One obvious suggestion is that DNA methylation in the structural portion of the gene acts by inhibiting the elongation step of the RNA polymerase reaction. If shortened RNA transcripts had been produced in these cells, they would probably have been degraded and would therefore go undetected in the S1 nuclease assay. Another possibility is that DNA modification affects local chromatin structure and may drive modified DNA sequences into an inactive conformation. Recent experiments in our laboratory suggest that methylated DNA inserted into animal cells in culture by DNA-mediated gene transfer acquires a DNase I resistant conformation despite the fact that surrounding unmethylated sequences are DNase I sensitive.
Methylation restriction mapping of many tissue-specific genes reveals that the undermethylation observed in active genes almost always involves all parts of the gene, including both the promoter and structural gene regions, and even some sites downstream from the gene itself (1) . This also suggests that methylation may play a regulatory role over the entire gene domain.
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